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Abstract 
It is contested that the mineral dust found in Greenlandic ice cores during the Holocene stems from 
multiple source areas. Particles entrained above a more productive, primary source dominate the 
signal’s multi-seasonal average. Data in sub-annual resolution, however, reveal at least one further 
source. 
Whereas distinct inputs from the primary source are visible in elevated concentration levels, various 
inputs of the secondary source(s) are reflected by multiple maxima in the coarse particle percentage. 
As long as the dust sources’ respective seasonal cycles are preserved, primary and secondary source 
can be distinguished. 
Since the two source’s ejecta eventually detected differ in size, which can be attributed to a change in 
atmospheric residence times, it is suggested that the secondary source is located in closer proximity to 
the drilling site than the primary one. 
Keywords: Greenland; source regions; ice core. 
 
1. Introduction 
In ice cores. a plethora of proxies for paleoclimatic conditions is archived. Air trapped 
in the ice during firnification allows for direct measurements of the concentrations and 
isotope ratios of paleoatmospheric gases , while the isotopic composition of the ice matrix 
itself is related to paleotemperatures. 
ProScience 1 (2014) 32-37
Available at www.scientevents.com/proscience/
s
o
u
r
c
e
:
 
ht
tp
:/
/b
or
is
.u
ni
be
.c
h/
64
74
0/
 
| 
do
wn
lo
ad
ed
: 
13
.3
.2
01
7
 
 
 
 
 
 
 
 
 
 
*Corresponding Author: e.kettner@nbi.ku.dk 
ISSN: 2283-5954 © 2014 The Authors. Published by Digilabs 
Selection and peer-review under responsibility of DUST2014 Scientific Committee 
DOI:10.14644/dust.2014.006 
Multiple sources of Greenland dust 
throughout the Holocene 
Ernesto Kettner1*, Anna Wegner2, Tobias Erhardt3,4, Simon Schüpbach3,4, 
Anders Svensson1 
1Centre for Ice and Climate, Niels Bohr Institute, University of Copenhagen, 2100, Denmark 
2Alfred-Wegener-Institut, Bremerhaven, 27570, Germany 
3Climate and Environmental Physics, Physics Institute, University of Bern, 3012, Switzerland 
4Oeschger Centre for Climate Change Research, University of Bern, 3012, Switzerland 
 
Abstract 
It is contested that the mineral dust found in Greenlandic ice cores during the Holocene stems from 
multiple source areas. Particles entrained above a more productive, primary source dominate the 
signal’s multi-seasonal average. Data in sub-annual resolution, however, reveal at least one further 
source. 
Whereas distinct inputs from the primary source are visible in elevated concentration levels, various 
inputs of the secondary source(s) are reflected by multiple maxima in the coarse particle percentage. 
As long as the dust sources’ respective seasonal cycles are preserved, primary and secondary source 
can be distinguished. 
Since the two source’s ejecta eventually detected differ in size, which can be attributed to a change in 
atmospheric residence times, it is suggested that the secondary source is located in closer proximity to 
the drilling site than the primary one. 
Keywords: Greenland; source regions; ice core. 
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Impurities in the ice matrix are comprised of particulate and soluble aerosols. Both - the 
precipitation and the aerosols deposited on the ice sheets - can reveal information about 
their respective sources at lower latitudes and about processes undergone during transport 
(e.g., Fischer et al., 2007). 
Among the plethora of aerosols archived as impurities in the ice matrix, insoluble 
aerosols are particularly intriguing: The mineralogical composition of bulk dust samples as 
well as the elemental and isotopical composition of individual dust grains carry information 
characteristic for the dust’s source region (e.g., Biscaye et al., 1997). Thus, by enabling the 
geographic localisation of their sources, dust grains offer the unique possibility to constrain 
paleoatmospheric transport patterns (e.g., Muhs, 2013). 
The paleoatmospheric dust load is archived in a variety of different archives (Pye, 
1987). Ice sheets, however, preserve their information at a remarkably high temporal 
resolution (e.g., Legrand & Mayewski, 1997), such that even the seasonality of the 
aerosols’ respective inputs can be reconstructed (e.g., Svensson et al., 2006). 
Below, selected sections of the NEEM (NEEM members, 2013) dust record obtained 
during the 2009 and 2010 field seasons, employing the Bernese Continuous Flow Analysis 
system (CFA, Kaufmann et al., 2008), are analysed. Our interpretation takes its point of 
departure in the assumption that next to the bulk sample’s mineralogy and the individual 
grain’s composition, also a sample’s grain size frequency histogram carries information on 
the particles’ provenance (Pye, 1987, p.129). 
2. Data acquisition 
The data supporting the claim of a multi-source contribution to the Greenlandic dust 
load was obtained by connecting a laser sensor (LS) to the University of Bern’s CFA 
system (Kaufmann et al., 2008). 
Over the last decades, CFA has become a well-established technique for aerosol 
quantification in ice cores. In order to exploit the high resolution with which the 
paleoatmosphere’s composition is preserved, a piece of core is melted continuously and the 
melt water is analysed for an array of impurities. 
The LS, an attenuation-based optical flow-through detector for microparticles in ice 
cores, was developed by Ruth et al. (2002) in collaboration with Klotz GmbH (Bad 
Liebenzell, Germany). However, publishing the first LS-acquired data set, Ruth et al. 
already reported a mismatch between size distributions obtained with different LSs and 
resistive pulse measurements using the Coulter counting technique. 
It has to be stressed that the minimum particle size qualifying for what in the following 
is referred to as the coarse particle percentage (CPP) is not exactly known. Instead of the 
absolute sizes in the range from .8 to 10 µm yielded by the instrument, we followed 
Lambert et al. (2008) and chose to report relative sizes and size differences only. Therefore, 
the CPP is defined as 5 times the detection limit of the Bernese LS. 
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3. Results and discussion  
Fig. 1. Seasonality of dust concentration and particle size as archived in the NEEM core during the recent 
Holocene (here 2095 to 2080 years b2k). 
Parameters commonly used to describe dust records obtained from ice cores are the 
concentration (in ng/g or counts/ml−1) and the mode of an assumed mono-modal lognormal 
distribution (e.g. Steffensen, 1997).The NEEM records in 1.5cm depth resolution shown in 
Fig. 1a demonstrate that the size distribution’s mode and the number concentration are 
slightly anti-correlated in recent Holocene ice. 
The primary annual dust input to Greenland responsible for concentration maxima 
occurs during few major deposition events, presently taking place in spring (Mosher et 
al.,1993). Maxima in CPP outside of the spring season can be attributed to either a source 
shift or changes in the particles atmospheric residence time. 
As larger modes of mono-modal distributions are a consequence of an increased CPP, 
the pattern shown in Fig. 1a is reflected in Fig. 1b. The CPP series, however, does not 
require binning over a certain depth interval and consequently does not compromise the 
data’s high resolution. Therefore, the subsequent analysis is based on the CPP. 
Steffensen (1997) already hinted at the annual patterns depicted in Fig. 1. Analysing firn 
samples covering 5 years, Steffensen found the CPP to be significantly higher during 
autumn|winter, when concentrations are lower - an observation he attributed to the 
increased relative importance of another source. 
This source was further hinted at by Bory et al. (2003b), who, analysing snow pit 
samples, also noted that “a different source area [...], plays a role during most of [the] 
year, and during the low-dust season [. . . ] in particular”. Fig. 2a shows the results of their 
isotopic analysis of individual dust grains collected in a 2 m deep snow pit. 
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The resemblance of the respective phasings of (a) the Ca2+ record - a proxy for dust 
concentrations (e.g., Ruth et al., 2002)) - and the εNd0 and (b) the number concentration 
and CPP in Fig. 2b is remarkable. This suggests that the CPP reflects a variation in the 
dust’s source region, rather than a change in its transport time. 
Fig. 2. (a) Bory et al. (2003b) found that from 1998 to 2001 dust concentration - for what Ca2+ is a proxy - and the 
dust’s source region, reflected in the grains neodymium content, vary seasonally. (b) Close-up of the dust 
concentration on its CPP shown previously in Fig. 1b. 
Apart from preserving the data set’s high resolution, the proposed method to identify 
variations in the dust’s source region offers an additional advantage: It can be easily applied 
to core depths where discrete sub-annual sampling is impractical or even prohibited by 
compressed annual layers. 
Fig. 3 shows the dust’s concentration and its CPP in 2.5 m long segments of the NEEM 
core representative for the early Holocene and the last glacial maximum (LGM), 
respectively. It becomes clear that the size distribution’s mode and the number 
concentration are still slightly anti-correlated in the early Holocene (Fig. 3a), while they are 
correlated during the LGM (Fig. 3b). 
Fig. 3. CPP data from the early Holocene (a) and the LGM (b) suggesting multi-sourced dust input 
throughout the Holocene. 
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Based on Fig. 3, it is suggested that not only one source has contributed to the 
Greenlandic dust load during the Holocene. It needs to be pointed out, however, that the 
high degree of correlation between the concentration and the CPP during the LGM does not 
rule out the possibility of additional sources also during the last glacial. The loss of 
seasonality is common to all aerosol records obtained from glacial ice (e.g., Andersen et al., 
2006). Therefore, the high degree of correlation between the number concentration and the 
CPP could simply mean that both sources’ inputs are archived in the same layer. 
4. Conclusion 
An alternative to the distinction between various source regions by analysing the dust 
samples’ mineralogical, chemical and|or isotopic composition was proposed. The presented 
data indicates that on a sub-annual scale distinction between different sources by attributing 
maxima in the number concentration to one and maxima in CPP to the other is feasible. 
This approach gains further credibility as it mirrors known seasonal patterns in the dust 
deposits’ isotopic composition. 
Taking advantage of the recently obtained high resolution dust record as archived in the 
NEEM ice core employing CFA, this hypothesis was tested. The results suggest that 
multiple sources are likely to have contributed to the dust input to Greenland throughout the 
Holocene. Previously, this could only be speculated about because isotopic studies cannot 
reproduce the high resolution of CFA systems. 
This approach only works as as long as seasonality is preserved, but it does not rule out 
multi-source input during glacials. Whereas during warmer stages frequent precipitation 
scavenges the polar atmosphere throughout the year and archives also seasonal differences 
in source strengths, a shift towards more dry deposition during stadials takes place (e.g., 
Andersen et al., 2006; Rasmussen et al., 2006).  
Thus, sporadic precipitation events might merely represent the isolating layer between 
horizons of dry deposition or, in other words, the degree of correlation between various 
sources contributing to the aerosol load as archived in the Greenlandic ice sheet might be a 
function of the relative amount of dry deposition. 
The input of a second source in addition to the dominant Asian one (Biscaye et al., 
1997) is uncontested in the literature. Indeed, based on snow pit studies intraregional 
sourcearea variability has been reported (Bory et al., 2003b, a) and experimental data 
suggesting intercontinental source variability also exists (e.g., Mosher et al., 1993; Lupker 
et al., 2010). 
As the seasonal variation in particle size is rather large - otherwise we would not be able 
to tell the primary and secondary source’s input apart - the data can be interpreted as a 
change in atmospheric residence time. Our results consequently suggest a secondary source 
not in the primary one’s proximity. 
  
36 ProScience 1 (2014) 32-37
  
Based on Fig. 3, it is suggested that not only one source has contributed to the 
Greenlandic dust load during the Holocene. It needs to be pointed out, however, that the 
high degree of correlation between the concentration and the CPP during the LGM does not 
rule out the possibility of additional sources also during the last glacial. The loss of 
seasonality is common to all aerosol records obtained from glacial ice (e.g., Andersen et al., 
2006). Therefore, the high degree of correlation between the number concentration and the 
CPP could simply mean that both sources’ inputs are archived in the same layer. 
4. Conclusion 
An alternative to the distinction between various source regions by analysing the dust 
samples’ mineralogical, chemical and|or isotopic composition was proposed. The presented 
data indicates that on a sub-annual scale distinction between different sources by attributing 
maxima in the number concentration to one and maxima in CPP to the other is feasible. 
This approach gains further credibility as it mirrors known seasonal patterns in the dust 
deposits’ isotopic composition. 
Taking advantage of the recently obtained high resolution dust record as archived in the 
NEEM ice core employing CFA, this hypothesis was tested. The results suggest that 
multiple sources are likely to have contributed to the dust input to Greenland throughout the 
Holocene. Previously, this could only be speculated about because isotopic studies cannot 
reproduce the high resolution of CFA systems. 
This approach only works as as long as seasonality is preserved, but it does not rule out 
multi-source input during glacials. Whereas during warmer stages frequent precipitation 
scavenges the polar atmosphere throughout the year and archives also seasonal differences 
in source strengths, a shift towards more dry deposition during stadials takes place (e.g., 
Andersen et al., 2006; Rasmussen et al., 2006).  
Thus, sporadic precipitation events might merely represent the isolating layer between 
horizons of dry deposition or, in other words, the degree of correlation between various 
sources contributing to the aerosol load as archived in the Greenlandic ice sheet might be a 
function of the relative amount of dry deposition. 
The input of a second source in addition to the dominant Asian one (Biscaye et al., 
1997) is uncontested in the literature. Indeed, based on snow pit studies intraregional 
sourcearea variability has been reported (Bory et al., 2003b, a) and experimental data 
suggesting intercontinental source variability also exists (e.g., Mosher et al., 1993; Lupker 
et al., 2010). 
As the seasonal variation in particle size is rather large - otherwise we would not be able 
to tell the primary and secondary source’s input apart - the data can be interpreted as a 
change in atmospheric residence time. Our results consequently suggest a secondary source 
not in the primary one’s proximity. 
  
 
 
5. Acknowledgements 
NEEM is directed and organized by the Center of Ice and Climate at the Niels Bohr 
Institute and US NSF, Office of Polar Programs. It is supported by funding agencies and 
institutions in Belgium (FNRS-CFB and FWO), Canada (NRCan/GSC), China (CAS), 
Denmark (FIST), France (IPEV, CNRS/INSU, CEA and ANR), Germany (AWI), Iceland 
(RannIs), Japan (NIPR), Korea (KOPRI), The Netherlands (NWO/ALW), Sweden (VR), 
Switzerland (SNF), United Kingdom (NERC) and the USA (US NSF, Office of Polar 
Programs) 
References 
Andersen K.K., Svensson A., Rasmussen S.O., Steffensen J.P., Johnsen S.J., Bigler M., Röthlisberger R., Ruth U., 
Siggaard-Andersen M.-L., Dahl-Jensen D., Vinther B.M., Clausen H.B. (2006). The Greenland Ice Core 
Chronology 2005, 15-42 ka. Part 1: Constructing the time scale. Quaternary Science Reviews, 25(23-24), 
3246–3257. 
Biscaye P., Grousset F., Revel M., Van der Gaast S., Zielinski G., Vaars A., Kukla G. (1997). Asian provenance of 
glacial dust (stage 2) in the Greenland Ice Sheet Project 2 ice core, Summit, Greenland. Journal of  
Geophysical Research, 102(C12), 26765–26781. 
Bory A.J.-M., Biscaye P.E., Grousset F.E. (2003a). Two distinct seasonal Asian source regions for mineral dust 
deposited in Greenland (NorthGRlP). Geophysical Research Letters, 30(4) 1167. 
Bory A.-M., Biscaye P., Piotrowski A., Steffensen J. (2003b). Regional variability of ice core dust composition 
and provenance in Greenland. Geochemistry, Geophysics, Geosystems, 4(12), 1107. 
Fischer H., Siggaard-Andersen M.-L., Ruth U., Röthlisberger R., Wolff E. (2007). Glacial/interglacial changes in 
mineral dust and sea-salt records in polar ice cores: Sources, transport, and deposition. Reviews of 
Geophysics, 45, RG1002. 
Kaufmann P.R., Federer U., Hutterli M.A., Bigler M., Schüpbach S., Ruth U., Schmitt J., Stocker T. (2008). An 
improved continuous flow analysis system for high-resolution field measurements on ice cores. 
Environmental Science & Technology, 42(21), 8044–8050. 
Lambert F., Delmonte B., Petit J.R., Bigler M., Kaufmann P.R., Hutterli M.A., Stocker T.F., Ruth U., Steffensen 
J.P., Maggi V. (2008). Dust-climate couplings over the past 800,000 years from the EPICA Dome C ice core. 
Nature, 452(7187), 616–619. 
Legrand M. Mayewski P.A. (1997). Glaciochemistry of polar ice cores: A review. Reviews of Geophysics, 35(3), 
219–243. 
Lupker M., Aciego S., Bourdon B., Schwander J., Stocker T. (2010). Isotopic tracing (Sr, Nd, U and Hf) of 
continental and marine aerosols in an 18th century section of the Dye-3 ice core (Greenland). Earth and 
Planetary Science Letters, 295(1-2), 277–286. 
Mosher B., Winkler P., Jaffrezo J.-L. (1993). Seasonal trends in aerosol chemistry at Dye 3, Greenland. 
Atmospheric Environment, 27A(17-18), 2761–2772. 
Muhs D.R. (2013). The geologic records of dust in the Quaternary. Aeolian Research, 9, 3–48. 
NEEM members (2013). Eemian interglacial reconstructed from a Greenland folded ice core. Nature, 493 (7433), 
489–494. 
Pye K. (1987). Aeolian dust and dust deposits. Academic Press, San Diego, Calif. 
Rasmussen S., Andersen K., Svensson A., Steffensen J., Vinther B., Clausen H., Siggaard-Andersen M.-L., 
Johnsen S., Larsen L., Dahl-Jensen D., Bigler M., Röthlisberger R., Fischer H., Goto-Azuma K., Hansson M., 
Ruth U. (2006). A new Greenland ice core chronology for the last glacial termination. Journal of Geophysical 
Research, 111(D6), D06102. 
Ruth U., Wagenbach D., Bigler M., Steffensen J.P., Röthlisberger R., Miller H. (2002). High resolution microparticle 
profiles at NGRIP: Case studies of calcium-dust relationship. Annals of Glaciology, 35, 237–242. 
Steffensen J. (1997). The size distribution of microparticles from selected segments of the Greenland Ice Core Project 
ice core representing different climatic periods. Journal of Geophysical Research, 102(C12), 26755–26763. 
Svensson A., Andersen K.K., Bigler M., Clausen H.B., Dahl-Jensen D., Davies S.M., Johnsen S.J., Muscheler R., 
Rasmussen S.O., Röthlisberger R., Steffensen J.P., Vinther B. M. (2006). The Greenland Ice Core Chronology 
2005, 15-42 ka. Part 2: comparison to other records. Quaternary Science Reviews, 25(23-24), 3258–3267. 
ProScience 1 (2014) 32-37 37
